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Thickness-induced insufficient oxygen reduction in La2−xCexCuO4±δ thin films
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A series of electron-doped cuprate La2−xCexCuO4±δ thin films with different thicknesses have
been fabricated and their annealing time are adjusted carefully to ensure the highest superconducting
transition temperature. The transport measurements indicate that, with the increase of the film
thickness (< 100 nm), the residual resistivity increases and the Hall coefficient shifts in the negative
direction. Further more, the X-ray diffraction data reveal that the c-axis lattice constant c0 increases
with the decrease of film thickness. These abnormal phenomena can be attributed to the insufficient
oxygen reduction in the thin films. Considering the lattice mismatching in the ab-plane between the
SrTiO3 substrates and the films, the compressive stress from the substrates may be responsible for
the more difficult reduction of the oxygen in the thin films.
PACS numbers: 74.78.Bz, 74.25.Fy, 74.72.-h, 74.25.Dw
1. INTRODUCTION
The electron-doped high-Tc superconducting (SC)
cuprates, e.g. (Ln,Ce)2CuO4+δ (Ln=La, Pr, Nd, Sm),
have been extensively investigated since its discovery by
Tokura et al. in 1989 [1]. The hole-doped cuprates can
exhibit superconductivity when introducing a sufficient
concentration of hole carriers by either atom-substituting
or oxygen doping in the insulating Ln2CuO4 host mate-
rial. However, the superconductivity does not appear in
the electron-doped cuprates until a metastable T’-phase
is achieved by an extra annealing treatment of the as-
grown samples. What happens during this annealing pro-
cess is still a controversy. Although oxygen reduction is
widely considered as the crucial factor in this annealing
process, it is hard to be determined stoichiometrically be-
cause the amount of the oxygen loss δ is always relatively
small. The previous measurements of δ by either thermo-
gravimetric analysis (TGA) [2, 3, 4, 5, 6] or iodometric
titration analyses [7, 8, 9] cannot come to an agreement.
Many efforts have been made to clarify this puzzling
issue. Based on the transport and the thermopower mea-
surements, Jiang et al. proclaimed that both the redun-
dant and the indigent of oxygen would induce more impu-
rities and enhance the scattering [10, 11, 12]. The lacking
of oxygen can introduce a positive contribution and the
excess oxygen always results in a negative contribution
to the Hall coefficient, e.g. in Nd2−xCexCuO4 (NCCO)
thin films and single crystals as well as Pr2−xCexCuO4
thin films [13, 14]. Riou and Richard et al. studied
the infrared transmission of the Pr3+ crystal-field in the
Pr2−xCexCuO4 single crystal, and they pointed out that
the oxygen in the CuO2 plane is partially removed during
the reduction [15, 16] instead of the apical ones. Using
X-ray and neutron-scattering methods, Kang et al. have
investigated the microscopic process of the oxygen re-
duction in Pr0.88LaCe0.12CuO4 single crystals [17]. They
suggested that both the repair of Cu deficiencies and the
creation of oxygen vacancies can effectively reduce the
disorder and provide itinerant carriers for superconduc-
tivity in the reduction treatment of the samples. Ya-
mamoto et al. [18] claimed that if the reduction is not
sufficient in the NCCO thin films, the excess oxygen will
occupy the apical oxygen sites to compensate the Ce dop-
ing. While in the excessive reduction films, the oxygen
deficiencies appear at regular oxygen sites in the CuO2
plane. In our previous work, we have also found that the
extra annealing treatment can cause the Hall coefficient
shift in the positive direction in the dilute cobalt-doped
La2−xCexCuO4 thin films [19].
Recently, the significant influence of the lattice con-
stant on the oxygen reduction has been investigated by
varying the doping concentration or substituting atoms
with different radii [4, 5, 20, 21, 22]. It has been found
that the decrease of the lattice constant a0 in the ab-plane
of the electron-doped cuprates can make the reduction of
excess oxygen more difficult.
In this paper, electron-doped La2−xCexCuO4 (LCCO)
thin films with different thicknesses have been synthe-
sized, and their annealing time were adjusted carefully to
ensure the highest Tc accordingly. Based on the trans-
port measurement and the X-ray diffraction analysis, we
have found that the decrease of the thickness may cause
it difficult to create the oxygen vacancies in the films
during the annealing reduction.
2. EXPERIMENTS
The optimally doped LCCO (x=0.105) thin films with
a thickness d varying from 17 to 600 nm were fabricated
on the (100)-oriented SrTiO3 substrates by the dc mag-
netron sputtering method [23, 24, 25]. All the samples
were annealed at 550◦C in vacuum lower than 10−3 Pa,
2TABLE I: d, Tc0, T
onset
c and t for various LCCO films. Here,
d, Tc0, T
onset
c and t stand for the thickness, the transition
temperature of zero resistance, the onset temperature of su-
perconducting transition, and the optimal annealing time for
the sample with the designated thickness, respectively.
Sample d Tc0 Tc
onset t
No. (nm) (K) (K) (min)
1 17 - - 12
2 33 21.5 26.5 20
3 67 26 27.5 23.1
4 100 26.5 28 26.8
5 150 26.5 28 35
6 200 27.3 28.5 39
7 600 27 28.5 70
and the annealing time was adjusted to assure the sharp
SC transition and the highest Tc according to their thick-
nesses. We have found that the optimal annealing time
is almost proportional to the film thickness d. For the
transport measurements, each sample was patterned into
the standard six-probe Hall bridge with 178 µm in length
and 10 µm in width by photolithography and ion milling
techniques. All the measurements were carried out by
Quantum Design PPMS-9 equipment. Table 1 shows the
characteristics of a series of LCCO thin films employed
in the present work.
3. RESULTS AND DISCUSSIONS
Fig. 1 shows the ac susceptibility for the LCCO films
with different thicknesses. The ac susceptibility is mea-
sured in the Quantum designed MPMS by the zero-field-
cooling course and the ac drive field is applied perpendic-
ular to the ab-plane with 1 Oe in amplitude and 333 Hz
in frequency. Both the real and imaginary components,
i.e., χ′ and χ′′, show that the film with larger thickness
has a sharper SC transition and a relatively high Tc.
Additionally, the normalized shielding signal χ′ increases
with the increase in thickness, which indicates that the
SC component in the thick films are larger than those in
the thin ones.
In order to investigate the effect of the film thickness
on oxygen reduction, we study the transport properties
of these LCCO films. Fig. 2 shows temperature depen-
dence of the normalized resistance for the samples with
different thicknesses. When the film thickness d is larger
than 100 nm, the curves are almost overlapping. This
indicates that all the samples have quite similar temper-
ature dependences. However, the ration of the residual
resistance (RRR), Tc0 and T
onset
c decrease with the film
thickness decreasing from 100 nm to 33 nm. If the sam-
ple is ultrathin, e.g. d = 17 nm, it becomes an insulator
no matter how we adjust the annealing time. The depen-
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FIG. 1: Ac susceptibility χ′ (solid dots) and χ′′ (open cir-
cles) versus the temperature for the LCCO films with differ-
ent thicknesses. All the data of χ′ and χ′′ for different films
have been normalized to their thicknesses.
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FIG. 2: Temperature dependence of the resistance for LCCO
films with different thicknesses. All the data in each curve are
normalized to the resistance at 200 K respectively.
dence of the resistance and Tc on the thickness can be
attributed to the different influence of the substrate on
the films. The thinner the film is, the more prominent
the influence of the substrate on the properties is when
d < 100 nm. We propose that the influence of the sub-
strate on the properties of the films can be worked out by
the oxygen reduction during the annealing process. How-
ever, either the excess oxygen caused by insufficient re-
duction or the oxygen vacancies induced by the excessive
reduction can act as impurities to enhance the scatter-
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FIG. 3: The Hall coefficient RH versus the temperature T for
the LCCO thin films with different thicknesses at the mag-
netic fields 2 and 7 T.
ing and suppress the superconductivity [11]. Since Hall
effect is an effective method to disclose the type of the
carriers, we try to measure the Hall coefficient to clarify
the controversy.
Fig. 3 shows the Hall coefficient RH of the LCCO
films with different thickness. We find that all the sam-
ples have an anomalous temperature dependence of RH
with sign reversals. Since there are two kinds of car-
riers in electron-doped cuprates [11, 26], the Hall sign
reversals versus the magnetic fields and the tempera-
tures can be attributed to competition between the hole-
like and the electron-like carriers under the regime of
the two-band model [27, 28]. Here, we will focus on
the dependence of the Hall coefficient on the film thick-
ness. In Fig. 3(a) and (b) at H = 2 T and 7 T, the
RH curves show quite a similar temperature dependence
when d ≥ 100 nm, respectively, while, in the case of
d = 67 nm, the nonzero Hall resistance RH shows clear
bias from those of d ≥ 100 nm and shifts to the nega-
tive. As mentioned above [11, 12, 13, 19], the lack of
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FIG. 4: θ ∼ 2θ X-ray diffraction diagram for the LCCO films
with different thicknesses. The substrate peaks are removed
from the curves. The inset shows the dependence of the c-axis
lattice length c0 on the thickness.
oxygen will introduce a positive hole-like contribution to
the Hall coefficient. Therefore, the enhancement of the
negative RH of the thin films with d = 67 nm can be
attributed to the excess oxygen due to the insufficient
reduction process. Since the annealing time of the films
with different thickness are adjusted to their optimal con-
ditions to get the sharp transition and the highest Tc, we
may conclude that it is almost impossible to get rid of all
the excess oxygen in the thin films. The excess oxygen
caused by insufficient reduction in the thin films not only
enhances the impurity scattering but also results in the
strong negative response of the Hall coefficient.
It is important to make clear that the mismatch effect
between the substrate and the film originated from their
different lattice constants in the ab-plane, which may lead
to the difficult oxygen reduction in the ultrathin films as
we have studied above. Fig. 4 shows the θ ∼ 2θ X-ray
diffraction of the LCCO films with the thickness varying
from 17to 600 nm. All the films exhibit good c-axis ori-
entation and the amplitude of the (00l) peak increases
monotonously with the film thickness. We calculate the
lattice constant c0 along the c-axis and show its depen-
dence on the film thickness in the inset of Fig. 4. We
find that the lattice constant c0 does not depend on the
thickness when d ≥ 100 nm, while if d < 100 nm, c0 de-
creases with the increase in thickness, which can be un-
4derstood as that the apical oxygen is easy to escape from
the LCCO samples with the increase of the film thick-
ness [20]. We may notice that the bond-length mismatch
or the internal stress due to the small rare-earth atom
Ln3+ substitution in the electron-doped Ln2−xCexCuO4
samples will cause it difficult for the oxygen reduction as
reported in Refs. [5] and [21]. Since the lattice constants
of a0 are 3.905 and 4.010 A˚ for the SrTiO3 crystal and the
optimal doped LCCO film, respectively, the mismatch ef-
fect between them will be very strong in the ultrathin
LCCO films, e.g. d < 100 nm. Due to the compression
stress from the SrTiO3 substrate, the lattice constant a0
of the ultrathin films probably decreases, which may lead
to it being more difficult for the oxygen reduction during
the annealing process.
Regarding the position the excess oxygen occupies in
the lattice, Higgins [13] and Yamamoto [18] agree on the
apical oxygen site, while Riou and Richard [15, 16] hold
out for the O(1) site in the CuO2 plane. Our previous
studies [19] have indicated that the O(1) site vacancies
can be caused by excessive reduction in the annealing
process for the highest Tc. Here, we want to emphasize
that the annealing process on the thin films can remove
the unwanted apical oxygen adequately, but the excessive
annealing would induce vacancies mostly in the regular
O(1) site.
4. CONCLUSION
We have investigated the transport properties includ-
ing both the longitudinal and the Hall resistances, as well
as the X-ray diffraction in the electron-doped LCCO thin
films with different thicknesses. With the decrease of the
film thickness when d < 100 nm, the RRR decreases and
the Hall coefficient shifts towards the negative direction.
The X-ray diffraction data reveal that the c-axis lattice
constant c0 increases with the decrease of film thickness.
These nontrivial phenomena can be attributed to insuf-
ficient oxygen reduction during the annealing course in
the ultrathin films. Due to the lattice mismatch effect
between the SrTiO3 substrates and the thin films in the
ab-plane, the compressive stress from the substrates en-
hances the difficulty of the oxygen reduction in the thin
films when d < 100 nm.
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